Here, we report the adsorptive removal of trace amounts of dimethyl sulfide (DMS) using metal-organic frameworks (MOFs). Cu 2+ -based MOFs with open metal sites (OMSs), [Cu 3 (btc) 2 ] (HKUST-1), where btc ¼ 1,3,5-benzenetricarboxylate, and without OMSs, [Cu 2 (bdc) 2 (dabco)] (Cu-JAST-1), where bdc ¼ 1,4benzenedicarboxylate and dabco ¼ 1,4-diazabicyclo[2.2.2]octane, were investigated for the removal of DMS to compare their performance with that of Ag-Y zeolite, which is currently widely used in industry.
Introduction
The adsorptive removal of trace impurities using porous materials (e.g., zeolites and activated carbon) is important for industry and environments. 1 Specically, the removal of volatile organosulfur molecules is an important issue because these molecules are harmful to humans and toxic for various catalytic chemical reactions. Indeed, dimethyl sulde (DMS), which damages steam reforming catalysts in fuel cell cogeneration systems, frequently contaminates natural gas used by cities (i.e., city gas) worldwide. Currently, Ag-Y zeolite is widely utilized to remove several organosulfur molecules including DMS at ppm level concentrations from city gas at ambient temperatures. [2] [3] [4] However, for industrial use, Ag-Y zeolite is not efficient at removing trace amounts of toxic substances (e.g., organosulfur molecules) because of its low adsorption capacity due to the limited silver content and the high cost of silver. Metal-organic frameworks (MOFs), which are constructed with metal ions and organic ligands, are perceived as next-generation adsorbents owing to their wide variety of structures and pore functions. [5] [6] [7] Of note, MOFs can bear coordinatively unsaturated metal ions that are called open metal sites (OMSs) and can strongly interact with guest molecules. Although there are several reports describing the removal of sulfur molecules using MOFs with OMSs, direct structural and spectroscopic evidence that explains the mechanism of desulfurization by these MOFs has not been shown. [8] [9] [10] [11] HKUST-1, which is one of the representative MOFs with OMSs that are based on Cu 2+ paddlewheel units, showed high catalytic, adsorption and separation properties. [12] [13] [14] However, the mechanism of its high performance as a porous material has not been sufficiently claried. [15] [16] [17] [18] [19] Herein, we investigated the ability of HKUST-1 (as a MOF with OMSs) (Fig. S1 †) and Cu-JAST-1 (as a MOF without OMSs) ( Fig. S2 †) to remove trace amounts of DMS compared with that of Ag-Y zeolite. It is determined that OMSs in HKUST-1 can strongly trap DMS, which was directly proven by in situ SXRD and Raman measurements.
Experimental section
The general procedures of the experiments can be found in ESI. †
DMS breakthrough measurements
Breakthrough measurements were conducted at 303 K in a xed-bed ow reactor (7 mm inner diameter) to which 1.1 g of each sample was added ( Fig. S3 †) . The sample was heated at 393 K for 12 h under an N 2 ow to obtain a degassed sample. Then, DMS (2.3 vol%) balanced by Ar was owed to the sample at a linear velocity of 0.003 m s À1 (7.3 sccm). The sulfur concentration in the inlet and outlet was monitored by a sulfur chemiluminescence detector (SCD, TS-2100 V, Mitsubishi Chemical Analytech Co.). The relative concentration (C/C 0 ) was calculated from the sulfur concentration ratio of inlet and outlet. The sulfur adsorption capacity was calculated from the breakthrough time at the moment of the rst detection of the relative concentration (C/C 0 > 0.1) in the outlet using eqn (1) . The recyclability of HKUST-1 (0.2 g) was repeatedly tested using the same procedures. Aer the removal of guest molecules by heating at 393 K, the gas mixture of CH 4 (49.7 vol%), Ar (49.3 vol%) and trace amounts of DMS (1.0 vol%) was owed into the xed-bed ow reactor (7.3 sccm) at 303 K.
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SXRD analysis of DMS-adsorbed HKUST-1
A single crystal of HKUST-1 was placed in a capillary tube (0.4 mm diameter), which was heated under dynamic vacuum at 120 C for 12 h to remove guest solvent molecules. Then, DMS (2.3 vol%) balanced by Ar was added to the capillary at 90 kPa, and the capillary remained at these conditions for 12 h to achieve equilibration. Then, the capillary tube was sealed. The SXRD measurement was performed at 203 K with a Rigaku XtaLab P200 diffractometer and a Dectris Pilatus 200 K CCD system equipped with a MicroMax-007 HF/VariMax rotating anode X-ray generator with confocal monochromated MoKa radiation. The crystal structure was determined by the direct method and rened by full-matrix least-squares renement using SHELXL 2014/7. The uncoordinated guest and solvent molecules were omitted using the solvent mask of the Olex2 soware.
Coincident in situ DMS adsorption/Raman spectroscopy
Raman spectroscopy was performed in a back-scattering geometry at room temperature using LabRAM HR Evolution (HORIBA). A laser with a 532 nm wavelength was used as an excitation source. Scattered light was detected using a Jobin-Yvon Raman microscope LabRAM HR Evolution and a Jobin-Yvon DU970P-UV-328 CCD (charge-coupled device) system. The sample was placed in the ow cell with a quartz window to conduct Raman measurement. Aer the cell was heated at 393 K, the gas mixture of CH 4 (56.5 vol%), Ar (42.5 vol%) and trace amounts of DMS (1.0 vol%) was owed into the sample cell for the designated periods of times with and without H 2 O at room temperature and Raman spectrum was measured.
Results and discussion

Synthesis and structural characterization
Powder X-ray diffraction (PXRD) patterns of HKUST-1, Cu-JAST-1 and Ag-Y zeolite were in good agreement with the reported patterns ( Fig. S4 -S6 †). 2, 20, 21 The Brunauer-Emmett-Teller (BET) surface areas for HKUST-1, Cu-JAST-1 and Ag-Y zeolite were calculated to be 1681, 1809 and 717 m 2 g À1 , respectively, on the basis of the adsorption isotherms of N 2 at 77 K (Fig. S7 †) . These results were similar to previously reported values for these samples. 4, 20, 21 The BET surface area of Ag-Y zeolite was reduced by 20% aer the Ag + ion exchange, which corresponds to a change in the chemical formula (Na-Y zeolite: 902 m 2 g À1 , Fig. S7 †) .
Separation of DMS from the gas mixture
Breakthrough curve measurements for HKUST-1, Cu-JAST-1 and Ag-Y zeolite were conducted to investigate the affinity to DMS and the adsorption capacity of each compound (Fig. 1) . A curve with a small slope of Ag-Y zeolite was observed compared with those for the other samples, which implies that the diffusion of DMS in HKUST-1 and Cu-JAST-1 is smoother than that of Ag-Y zeolite owing to its narrow path in the supercage that contains Ag + . 22 The DMS breakthrough times of Cu-JAST-1, Ag-Y zeolite and HKUST-1 were found to be 1.9, 6.5 and 14.8 h, respectively. On the basis of these breakthrough times, the adsorption capacities for DMS by Cu-JAST-1, Ag-Y zeolite and HKUST-1 were estimated to be 2.2, 7.2 and 17.0 wt%, respectively, which indicates that HKUST-1 has a 2.4 and 7.7 times higher capacity than Ag-Y zeolite and Cu-JAST-1, respectively. HKUST-1 exhibited a higher capacity than Cu-JAST-1, although Cu-JAST-1 has higher BET surface area than HKUST-1, which indicates that Cu-OMSs in HKUST-1 are essential for obtaining the high performance of DMS trapping. Furthermore, it is determined that the number of DMS molecules adsorbed in HKUST-1 is consistent with that of Cu-OMSs (S/Cu ¼ 1.1), which suggests that DMS was trapped by Cu-OMSs in a Langmuir adsorption manner. In addition, PXRD pattern of HKUST-1 aer DMS breakthrough measurement was in good agreement with that of degassed phase. This suggests that the structure of HKUST-1 was maintained even aer DMS breakthrough measurements ( Fig. S4d †) . To investigate the recyclability with HKUST-1, we carried out DMS breakthrough measurements 3 cycles with a simulated real gas containing CH 4 (Fig. S8 †) . The DMS breakthrough times of rst, second and third cycles were found to be 4.4, 4.6 and 4.1 h, respectively, and the adsorption capacities for DMS of each cycle were estimated to be 14.1, 14.3 and 13.9 wt%, respectively (Fig. 2) . The DMS adsorption capacity was almost maintained aer 3 cycles, indicating that the HKUST-1 is durable against the recycle use and efficiently trap DMS under the simulated real gas condition.
Direct observation of HKUST-1 with DMS adsorbed on OMSs by SXRD analysis
To elucidate the adsorptive mechanism at the molecular level, single-crystal X-ray diffraction (SXRD) measurement of a HKUST-1 crystal sealed in a glass capillary lled with a DMS vapor was conducted at 203 K (Fig. 3, S9 and Table S1 †). It was observed that DMS molecules with the occupancy of 0.93 (¼DMS/Cu) were clearly trapped on Cu-OMSs. The S atom of DMS exists just above Cu-OMSs. The Cu-S distance (2.55Å) was much shorter than that of the sum of van der Waals radii (4.27 A), 23 which is indicative of a coordination bond between S and Cu. The Cu-S-CH 3 angle was 101 and the -CH 3 groups were located above the oxygen atoms of carboxylate groups, which provided additional adsorption interactions. 24 In situ DMS adsorption/Raman spectroscopy
The progress of DMS trapping on Cu-OMSs was monitored by in situ Raman spectroscopy. Fig. 4 presents the spectra for assynthesized, degassed and DMS-adsorbed samples at different conditions. In the spectrum of as-synthesized HKUST-1, the peaks at 170 and 280 cm À1 , were observed, which are assignable to the vibrations of Cu-Cu and Cu-OH 2 in the paddle wheel unit with water molecules coordinated to OMSs, respectively (Fig. 4a) . 25 Aer the removal of water by heating, the peak of the Cu-OH 2 vibration disappeared, and the peak of the Cu-Cu vibration was shied to the higher energy region at 230 cm À1 (Fig. 4b) . These results are consistent with the structural changes determined by SXRD, i.e., shortening of the Cu-Cu distance from 2.62 to 2.49Å (Table S1 , Fig. S10-S12 †) . Then, the gas mixture of CH 4 , Ar and DMS as a simulated real gas was owed to the degassed sample at 303 K. Aer 15 min of ow, the Raman spectrum exhibited a new peak at 690 cm À1 , which is assignable to the C-S vibration (Fig. 4c ). 26 At the same time, the peak of Cu-Cu vibration of degassed phase at 230 cm À1 decreased and that of the adsorbed phase appeared at 170 cm À1 . The Cu-Cu vibration peak of DMS-adsorbed HKUST-1 was observed at the same frequency as that of the assynthesized HKUST-1, which correlates with the SXRD structures of these two phases that show the same Cu-Cu distance (Table S1 , Fig. 3 , S9, S10 and S12 †). When the owing time was increased from 15 to 60 min (Fig. 4d) , the peak of the Cu-Cu vibration (230 cm À1 ) further decreased and the peak of C-S vibration (690 cm À1 ) increased. Furthermore, the peak of Cu-S vibration (285 cm À1 ) appeared, and that of Cu-O vibration (500 cm À1 ) increased owing to the structural symmetry change of paddle wheel unit upon DMS coordination. In addition, the spectrum was consistent with that observed in the absence of CH 4 , which indicates that HKUST-1 selectively adsorbs DMS from a simulated real gas (Fig. 4e ). However, in the spectrum of Cu-JAST-1, the peak of the Cu-Cu vibration at 180 cm À1 , which was observed in the as- synthesized sample, remained unchanged even aer the removal of guest solvents and adsorption of DMS. This suggests that DMS molecules were not coordinated to Cu ions (Fig. S13 †) .
To test whether HKUST-1 can adsorb DMS under humid condition, we performed the same measurement using the simulated real gas with the typical humidity present in industrial gases (0.4 vol% H 2 O) ( Fig. S14 †) . The peaks of Cu-Cu (170 cm À1 ) and Cu-S (285 cm À1 ) vibrations appeared and those of C-S (690 cm À1 ) and Cu-O (500 cm À1 ) vibrations clearly increased for degassed and 15 and 30 min gas-owed samples in the same way as dry gas. The result indicates that DMS has stronger interactions with Cu-OMSs than H 2 O and can be effectively adsorbed by HKUST-1.
Conclusions
In summary, we evaluated the adsorption of trace amounts of DMS by Cu-OMSs MOF, HKUST-1. HKUST-1 exhibited higher sulfur adsorption than Cu-JAST-1, which had larger BET specic surface area but no OMSs. The results indicate that Cu-OMSs were effective for DMS adsorption. At the same time, HKUST-1 has higher DMS adsorption capacity than Ag-Y zeolite, which conrms its practical adsorption capacity. In addition, we performed direct observations using in situ SXRD and Raman spectroscopy measurements and experimentally revealed that DMS adsorbs to OMSs in HKUST-1. Furthermore, it was conrmed that Cu-OMSs in HKUST-1 selectively adsorb DMS from a simulated real gas even in the presence of moisture. This result is important for the practical industrial and environmental application of removing trace amounts of organosulfur molecules and serves as a guide for the future development of MOFs.
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